The unused millimeter-wave (mmWave) spectrum offers a superb opportunity to increase mobile broadband capacity due to the enormous amount of available bandwidth. Different candidate operating frequencies for 5G wireless networks are available at the mmWave band. For 5G wireless networks, the emergency case is one of the applications. This paper presents the outcome of indoor emergency stairwell measurement campaigns for 5G system at 26 GHz, 28
Introduction
In the last few years, an explosion in mobile data traffic has occurred because of the rising device technology, including smartphones and devices that provide, monitor, and transfer data [1] . The mobile traffic volumes will grow a thousand times in the near future as a result of the expected 50 billion devices that will be connected to the network by 2020 and the ever-increasing necessity of access and sharing of data, anywhere and anytime [2] [3] [4] . With the rapid increase in the number of connected devices, there will be a need to increase the capacity of the existing network structure [5] . This can be done by improving energy efficiency and coming up with a better system for spectrum and bandwidth utilization, as well as providing better scalability options to handle the increasing number of connected devices. The efficient utilization of frequency bands above 6 GHz can be an effective solution to meet this impending demand [6, 7] . However, mmWave propagation can undergo serious impairment and performance degradation due to various phenomena such as penetration, reflection, and * Correspondence: ahmedsecure99@gmail.com This work is licensed under a Creative Commons Attribution 4.0 International License.
scattering [8] . To address these issues, the different propagation channel characteristics in different environments need more investigation. Many case studies such as indoor, outdoor, indoor-outdoor, and outdoor-indoor at different frequency bands are being conducted and are in progress to characterize the propagation channel [9] [10] [11] . In [7] , extensive propagation measurement campaigns were conducted at 6-38 GHz, which measured path loss and delay spread. Obtaining this information is vital for the design and operation of future 5G cellular networks that use the mmWave spectrum. The comparison of three candidate large-scale propagation path loss models for use over the entire microwave and mmWave radio spectrum was presented in [12] . A comparison was also provided for the 2-73 GHz band for indoor office and shopping mall environments [12] .
The characteristics of such a heavily cluttered environment depends on many parameters such as operating frequency, the type of obstacles, transmitter (Tx) and receiver (Rx) locations, and the antenna types. Thus, extensive measurement campaigns and case studies are needed to develop and validate a generalized path loss model for this type of propagation channel. The simplest propagation model is a free space path loss model where the path loss is an inverse proportional factor to the 3D separation distance between receiver and transmitter. A common factor among path loss models is path loss exponent (PLE), which summarizes how fast the path loss is increased along with distance. The value of PLE is heavily dependent on the environment [13,.14] . It ranges from 2 for the free space environment to 5 for the urban environment and up to about 6 for obstructed in-thebuilding environments and multiple floors. The PLE value increases as the signal propagates across multiple floors [15] [16] [17] . A common part of any building structure are the stairs, essentially used in emergency cases for fire escape or in natural disasters. As a crucial part of a building structure, stairwells play a key role in daily functioning and in emergency situations. Thus, characterization and modeling of the propagation channel of the stairwell environment has become a critical issue recently with its rich multipath and obstructed pathways.
Several stairwell structures have been investigated by researchers to study the optimum antennas locations, frequency behaviors, and stair wall reflections [18] [19] [20] . The ray-tracing method and the periodic moment method were applied to evaluate wave propagation inside a stairwell [21] . Measurements of signal propagation for the stairwell environment at 900 MHz and 1800 MHz were done by Yang et al. in [21] and were then compared with ray-tracing simulations. The radio propagation in a multifloor stairwell using measurements and simulations was studied in [19] . Various propagation mechanisms were identified by an image-based ray-tracing scheme. In [22, 23] , the path loss and root mean square (RMS) delay spread parameters were characterized with antenna height dependency in an indoor stair environment. Spatial diversity gains at 90% signal reliability were investigated for an off-body multiple-antenna transmitter system at 3, 4, and 5 GHz bands in an indoor stairwell [24] . Omer et al. [25] investigated path loss using three common models where the measurements were conducted in two dog-leg stairwells at 900 and 1800 MHz frequencies. The authors of [20] proposed an accumulative distance method to provide the best fitting of the measurement data at 2.4 GHz and 5.8 GHz bands for both co-and cross-antenna polarizations. Stairwell measurement at 2.6 GHz for a multiple-input/multiple-output case study was illustrated in [26] .
To the best our knowledge, the propagation characteristics for stairwell environments at mmWave bands are lacking in the literature. Hence, this paper covers the propagation characteristics in this environment at 20 GHz and 30 GHz mmWave bands.
In this paper, different path loss models are investigated for a stairwell environment at 26 GHz, 28 GHz, 32 GHz, and 38 GHz. The close-in (CI) reference free space path loss model is modified based on a new physical reference point, which is called the physical-anchor stair (PAS) path loss model. Moreover, path loss is studied for single-and multifrequency using the proposed and different path loss models. This paper also proposes a modification in the CIF multifrequency path loss model to adapt to a stairwell non-line of sight (NLOS) environment.
The rest of the paper is organized as follows. The measurement setup is given in Section 2. The path loss models are presented in Sections 3. The results and discussions are provided in Section 4. Section 5 draws the conclusion of the paper.
Measurement techniques
The stairwell measurement is conducted in the Menara Razak Library at University Technology Malaysia, Kuala Lumpur. Figure 1 shows a photograph of the equipment at the measurement site. Specifically, the transmitter consists of a signal generator (Anritsu MG3694C Signal Generator 40 GHz) with a power transmit level (P t ) of 20 dBm. The receiver includes a spectrum analyzer (Anritsu MS2720T), which provides accurate RF power measurements over a wide frequency range. With an antenna attached, RF power measurements are collected by using the received signal strength indicator (RSSI). RSSI measurements can be combined with on-screen map displays to become a versatile solution for mapping the coverage of RF transmitters. Horn antennas are used at both transmitting (Tx) and receiving (Rx) ends. The system block diagram is shown in Figure 2 . The antennas have gain dependence on the frequency used and are vertically polarized as listed in the Table. At the Tx, transmission power is used to extend the dynamic measurement range. The signal generator is placed on top of an elevated stand; the transmitting antenna's height is 1.50 m above the ground. The receiving antenna is installed on a wooden tripod with a height of approximately 1.30 m. The Rx antenna moves along the adjacent sections of the stair steps by three steps. Thus, according to the measurement scheme, the effective range of the Tx-Rx separation distance is about 1-22 m. This is envisioned to be the typical applicable range of the indoor small cell deployment. A low noise amplifier (LNA) is added to the front end of the Rx to extend the measurement dynamic range above 80 dB, where we can measure the path loss up to 160 and 150 dB for 20 GHz and 30 GHz bands, respectively. The noise floor for Rx is -164 dBm.
The stairwell is a cyclic structure as shown in Figure 3 . The stairs are divided into two stairwell step parts between two floors, and each section has 13 steps. The entry of each floor is on the side wall of the stairwell and the door was closed during the measurement. The structure of the stairwell steps is made of reinforced concrete. Each step has a width, length, and height of 125 cm, 26 cm, and 17.5 cm, respectively. The starting point resultant distances between the Tx and Rx antennas is 4.75 m and ending measurement point is at 22.50 m (3D distance between Tx and Rx).
Tx is fixed while Rx moves by 1 m, which is located at S1, S2, S3,…, S10 as shown in 
Path loss model
The path loss is the main parameter that can be used to describe the large-scale effects of the propagation channel on the received signal. 
Single-frequency path loss model
To characterize the propagation characteristics for the stairwell environment, some existing path loss models were investigated along with some modification for the existing model. The floating-intercept (FI) path loss model is used in the WINNER II and 3GPP standards [6] . It is based on the floating-intercept ( α) and line slope ( β) to provide a best minimum-error fit of collected path losses as follows [12] :
where χ F I σ is a zero-mean Gaussian shadow fading random variable with standard deviation σ F I . The minimum mean square error (MMSE) approach [7] is used to calculate the FI model parameters. The FI path loss model does not have physical meaning because there is no anchor-point in this model. Hence, this work modifies the CI free space path loss model based on physical-reference distance, and it is defined as:
where n is the path loss exponent, with standard deviation of σ P AS in dB. The MMSE approach [7] is used to calculate the PAS model parameters.
Multifrequency path loss model
To cover a broad range of frequencies and measurements, multifrequency path loss models are proposed. The alpha-beta-gamma (ABG) model is utilized for this purpose. The proposed ABG model has 1 m as reference distance and 1 GHz as reference frequency ( f ref set to 1 GHz). The ABG model is given as:
where α and γ are constant coefficients that indicate the effect of frequency and distance on path loss, β is referred to as offset in path loss, f is frequency in GHz, and χ ABG σ is a Gaussian random variable with standard deviation of σ ABG . The MMSE approach [7] is used to calculate the ABG model parameters.
The CIF path loss model is a multifrequency model that employs the same physically motivated free space path loss (FSPL) anchor at 1 m as that of the CI model. The CIF model is presented in [10] as:
where n denotes the distance dependence of path loss and b is a linear frequency dependence factor of path loss over all considered frequencies. The parameter f 0 is the reference frequency. In this work, the CIF model is tested with the stairwell environment and measured frequencies at 20 GHz and 30 GHz bands. In this work, the CIF path loss model is modified, where d ref is the farthest Tx-Rx separation distance of the LOS environment of stairs, which is 5.5 m in this study, and f 0 represents the highest measured frequency, which is 38 GHz. We choose these parameters to get the best fit to model the data for measurement in the stairwell case study. The MMSE approach [7] is used to calculate the CIF model parameters.
Results and discussion
The path loss versus Tx-Rx separation distance is illustrated in Figure 5 for all the measured frequencies. It can be shown that the lowest path loss values for all measured frequencies are observed at the first and second locations of Rx. These locations represent the LOS scenario, while all other spatial Tx-Rx distances represent the NLOS scenario for all frequencies. Figure 5 shows that the slopes of the line ( β) of the FI path loss model are 10.9, 9.8, 9.2, and 9.1 for 26 GHz, 28 GHz, 32 GHz, and 38 GHz, respectively. The α value is very low compared to the FSPL at 1 m for all measured frequencies. It can be concluded that this model has low accuracy for the stair environment NLOS scenario. The results of the PAS proposed path loss model show that the PLE values are 7.4, 7.9, 6.6, and 7.1 for 26 GHz, 28 GHz, 32 GHz, and 38 GHz, respectively. It can be observed that the 30 GHz bands are better than the 20 GHz bands. This implies that the reflected paths from concrete walls are better for higher frequencies, since there is no directed path after 5.5 m Tx-Rx separation distance. This finding validates the PAS proposed path loss model improvement in PLE with high frequency, as shown in Figure 6 . In Figure 6 , the path loss versus Tx-Rx separation distance plot starts from reference distance 5.5 m, where the first LOS location is excluded in the figure. The proposed model is less complex and gives better PLE values over the studied frequencies than the slope line for the FI model. Furthermore, the shadowing effect of the proposed model outperforms the FI model, where the standard deviation of PAS is less than that of the FI model by roughly 2 dB over measured frequencies as shown in Figures 5 and 6 . The ABG multifrequency path loss model is shown in Figure 7 . The distance-dependent factor ( α ABG )
is 9.8 and the frequency dependent factor is γ = -4.8. It can be concluded that the ABG path loss model is a good model that can provide the accurate frequency-dependent parameter with the optimization factor ( β ABG )
of 99 dB.
The modified physical-based multifrequency path loss model (CIF) is shown in Figure 8 . With fixed reference frequency f 0 of 38 GHz, the PLE ( n CIF ) frequency is 6.1 dB with the slope of linear frequency dependency (b = -0.5). The observed parameters of this physically based model indicate that this model is accurate and simple. It can be concluded that the CIF model is recommended for stair environments that have the same physical structure as in our case study at the mmWave frequencies of 20-40 GHz bands. As a conclusion, we find that the ABG and CIF models have the same behavior as declared in [13] for the indoor-office environment. 
Conclusion
This paper provided the path loss models for 26, 28, 32, and 38 GHz mmWave bands in a stairs environment. The PAS, FI, ABG, and modified CIF models were presented for this environment. The results of this study showed that the FI path loss model may not be useful in this environment because of the normality finding compared with the physical-based model: the intercept slope values are very low as compared to FSPL at 1 m for all measured frequencies.
The proposed PAS model is a simple and physically based model that gives the accurate PLE compared with the FI model. The ABG path loss model is an accurate model in terms of frequency dependency and the modified CIF model is the best model in terms of distance dependency.
